Mantle cell lymphoma (MCL) is a lymphoid neoplasm characterized by abnormal proliferation of mature B-lymphocytes derived from the mantle zone of lymphoid follicles.^[@bib1],\ [@bib2]^ MCL accounts for 5--10% of all non-Hodgkin lymphomas and usually shows an aggressive clinical course with comparatively short response to chemotherapy, frequent relapses and a median survival of 5--7 years.^[@bib1],\ [@bib3]^ The genetic hallmark of MCL is the t(11;14)(q13;q32) translocation leading to cyclin D1 overexpression. This alteration causes cell cycle deregulation and is considered the primary oncogenic event in MCL pathogenesis.^[@bib1],\ [@bib2]^ MCL cells also carry a high number of secondary genetic alterations further disturbing cell cycle regulation and/or DNA damage response.^[@bib3],\ [@bib4]^ In addition, deregulation of different oncogenic signaling pathways involved in proliferation and/or survival,^[@bib2],\ [@bib3]^ such as constitutive activation of B-cell receptor (BCR),^[@bib5]^ phoshatidyl-inositol-3 kinase (PI3K)/AKT/mammalian target of rapamycin (mTOR)^[@bib6]^ and NF-κB signaling pathways,^[@bib7]^ and defects in apoptosis regulation^[@bib8],\ [@bib9]^ have been described in MCL.

Targeting these pathways may provide new therapeutic strategies in MCL. First studies using the BTK inhibitor Ibrutinib or the PI3K/mTOR inhibitor Bez235 showed promising effects.^[@bib10],\ [@bib11]^ Inhibitors of the ubiquitin-proteasome system (UPS) such as Bortezomib (*Velcade*) also recently entered the clinic and showed efficacy in MCL.^[@bib12]^ The mechanism by which Bortezomib induces cell death appears to differ between tumor entities. In MCL, the Bcl-2 homology domain 3 (BH3)-only protein NOXA seems to be an important mediator of apoptosis upon Bortezomib.^[@bib13]^ NOXA is a 'sensitizer\' BH3-only protein, which mainly acts by targeting the anti-apoptotic protein Mcl1.^[@bib14],\ [@bib15]^ It is highly regulated at transcriptional^[@bib16]^ and post-transcriptional levels. Recent studies have shown that NOXA protein is regulated by ubiquitination and proteasomal degradation.^[@bib17],\ [@bib18]^

NOXA is thought to be crucial in order to fine-tune apoptotic signaling.^[@bib16]^ Enhanced NOXA protein turnover, for example, can result in resistance to genotoxic stress.^[@bib18]^ We recently demonstrated that high constitutive NOXA levels are central for hypersensitivity of embryonal carcinoma cells to cisplatin.^[@bib19]^

Besides its role in cellular stress response, NOXA is a critical mediator of B-cell development mediating apoptosis in activated B cells.^[@bib20],\ [@bib21]^ Considering this and its important role for the response of MCL cells to Bortezomib, NOXA may be a central determinant in the regulation of life--death decision in MCL and represent a key target for treatment. A better understanding of the mechanism how NOXA is regulated may offer new and more effective strategies for therapy of this aggressive malignancy.

Results
=======

MCL cells are characterized by high constitutive *NOXA* gene expression but low levels of NOXA protein
------------------------------------------------------------------------------------------------------

To compare *NOXA* transcript levels in MCL cells with other cancer entities, we used the MCL cell lines Mino and Rec1 characterized by different p53 status (Mino: mutant; Rec1; wild type) and a collection of cancer cell lines derived from embryonal carcinoma, lung and ovarian cancer. Interestingly, *NOXA* transcript was significantly higher in MCL cell lines when compared with the other cell lines and PBMCs of healthy donors ([Figure 1a](#fig1){ref-type="fig"}). We then compared *NOXA* transcript levels of the MCL cell lines Mino, Rec1, Jvm2, Granta519 and Jeko1 with samples from MCL patients. All four primary MCL samples displayed similar or even higher constitutive *NOXA* mRNA levels as compared with MCL cell lines ([Figure 1b](#fig1){ref-type="fig"}).

To assess the relevance of the observed differences in *NOXA* mRNA levels in this small cell line panel, we used data from the Cancer Cell Line Encyclopedia (CCLE),^[@bib22]^ a database providing whole-genome gene expression profiles of a large collection of cancer cell lines.

Interestingly, *NOXA* mRNA expression in cell lines derived from hematologic malignancies was the second highest of all tumor entities ([Supplementary Figure 1a](#sup1){ref-type="supplementary-material"}). Among blood cancers, MCL cells together with anaplastic large cell lymphoma (ALCL) and chronic lymphoid leukemia (CLL) expressed the highest level of *NOXA* transcripts ([Supplementary Figure 1b](#sup1){ref-type="supplementary-material"}) and the MCL cell line Granta519 even showed the highest *NOXA* expression in the panel of \>1000 cell lines available from CCLE ([Supplementary Figure 1c](#sup1){ref-type="supplementary-material"}). This observation indicates that *NOXA* indeed has an important role in the regulation of life--death decision in MCL.

As *NOXA* expression is regulated both at transcriptional^[@bib16]^ and post-transcriptional levels,^[@bib17],\ [@bib18]^ we next analyzed NOXA protein levels in the same panel of cell lines previously used for gene expression analysis in [Figure 1a](#fig1){ref-type="fig"}. Importantly, the pattern of NOXA protein expression was not correlated to mRNA expression ([Figure 1c](#fig1){ref-type="fig"}). The level of NOXA protein, in contrast to the high transcript levels, was found to be relatively low in MCL cell lines. In samples derived from MCL patients, NOXA protein was hardly detectable and the discrepancy between RNA and protein levels was even more pronounced ([Figure 1d](#fig1){ref-type="fig"}).

High NOXA transcript levels depend on constitutive PI3K/AKT/mTOR signaling
--------------------------------------------------------------------------

*NOXA* mRNA is upregulated in activated normal B cells upon BCR ligation.^[@bib20]^ Constitutive activation of the BCR is also a feature of MCL.^[@bib5]^ To elucidate the impact of BCR-mediated signaling on *NOXA* transcript levels in MCL cells, we performed RNAi-mediated knockdown of CD79A (cluster of differentiation 79A), an essential part of the BCR. Disruption of BCR activation reduced phosphorylation of downstream effector kinases ERK, AKT, IκB and S6 ([Figure 2a](#fig2){ref-type="fig"}, upper panel) and significantly decreased *NOXA* transcript levels ([Figure 2a](#fig2){ref-type="fig"}, lower panel). These results were supported by similar effects upon pharmacological inhibition of the BCR pathway using Ibrutinib an inhibitor of the BCR-associated kinase BTK ([Supplementary Figure 2a](#sup1){ref-type="supplementary-material"}). To test which of the BCR downstream pathways mediates the high *NOXA* transcript levels in MCL, we targeted each pathway using selective inhibitors or RNAi. Interestingly, inhibition of the MAPK pathway by PD0325901 as well as knockdown of p65 (RELA), the main downstream effector of NF-κB signaling, had only minimal effects on the level of *NOXA* mRNA or even enhanced *NOXA* transcription ([Figure 2b](#fig2){ref-type="fig"}, upper and middle panel). In contrast, inhibition of the PI3K/AKT/mTOR pathway by the dual PI3K/mTOR inhibitor Bez235 strongly reduced *NOXA* transcripts ([Figure 2b](#fig2){ref-type="fig"}, lower panel). Further experiments using different inhibitors of the PI3/AKT/mTOR pathway supported this finding, as all of them reduced *NOXA* transcript with highest efficacy when PI3K and mTOR inhibitors were combined, indicating that both PI3K and mTOR are essential for maintaining high *NOXA* transcription ([Supplementary Figure 2b](#sup1){ref-type="supplementary-material"}).

We next investigated whether the aberrant expression of cyclin D1 influences *NOXA* gene expression. RNAi-mediated downregulation of cyclin D1 showed similar results as observed for knockdown of CD79A although not that pronounced. Remarkably, reduced cyclin D1 expression led to a partial inhibition/reduced expression of AKT and/orS6 ([Figure 2c](#fig2){ref-type="fig"}, upper panel), which may be responsible for the decrease in *NOXA* mRNA levels ([Figure 2c](#fig2){ref-type="fig"}, lower panel). This hypothesis was supported by the finding that cyclin D1 knockdown did not further reduce *NOXA* mRNA in cells treated with Bez235 indicating that both target the same pathway ([Supplementary Figure 2c](#sup1){ref-type="supplementary-material"}).

To elucidate whether constitutive activation of the PI3K/AKT/mTOR pathway is also present in primary MCL cells, we compared PI3K and mTOR activity in MCL cell lines, primary MCL samples and stimulated PBMCs of healthy donors. Cell lines as well as primary MCL cells showed significant phosphorylation of AKT and/or S6 ([Figure 2d](#fig2){ref-type="fig"}, upper panel). Inhibition of the PI3K/AKT/mTOR pathway by Bez235 led to a strong reduction of *NOXA* mRNA expression in primary MCL cells ([Figure 2d](#fig2){ref-type="fig"}, lower panel) further supporting the previous findings in the MCL cell lines.

Low NOXA protein levels are caused by a short half-life of the NOXA protein in MCL cells
----------------------------------------------------------------------------------------

To determine if the discrepancy between *NOXA* transcript and protein levels is due to increased NOXA turnover, we analyzed NOXA protein stability. Compared with PBMCs of healthy donors and a panel of cancer cell lines NOXA protein stability was found to be significantly lower in MCL cells ([Figure 3a](#fig3){ref-type="fig"}, [Supplementary Figure 3](#sup1){ref-type="supplementary-material"}) with a half-life of 15--30 min ([Figure 3a](#fig3){ref-type="fig"}). Remarkably, NOXA protein turnover was not affected by inhibition of MAPK, PI3K/AKT/mTOR and NF-κB signaling indicating that NOXA protein stability is not regulated by either of these pathways ([Supplementary Figure 4a](#sup1){ref-type="supplementary-material"}). Owing to the reduction of *NOXA* mRNA, the low NOXA protein levels were even further reduced by inhibition of BCR signaling as well as knockdown of cyclin D1 ([Supplementary Figure 4b](#sup1){ref-type="supplementary-material"}).

It was recently shown, that NOXA is a target of the UPS.^[@bib18]^ We therefore investigated if the short half-life of NOXA in MCL is mediated by polyubiquitination and proteasomal degradation. As shown in [Figure 3b](#fig3){ref-type="fig"}, tandem ubiquitin binding entity 2 (TUBE2) pull-down of polyubiquitinated proteins and western blot analysis revealed that NOXA is extensively ubiquitinated and degraded by the proteasome as inhibition of the proteasome by MG132 or Lactacystin led to accumulation of NOXA and its polyubiquitinated forms. These results show that although *NOXA* is transcriptionally highly expressed in MCL cells, NOXA protein expression is low because of its rapid turnover.

Agents that cause accumulation of NOXA protein potently kill MCL cells in a NOXA-dependent manner
-------------------------------------------------------------------------------------------------

To identify substances able to induce or stabilize NOXA in MCL cells, we screened several known and potential NOXA inducers and agents, which have been shown to be effective in MCL for their ability to accumulate NOXA. In accordance with recently published data,^[@bib13],\ [@bib23]^ the proteasome inhibitor Bortezomib very effectively accumulated NOXA protein. A similar effect was also observed upon treatment with MLN4924, an inhibitor of neddylation, which is required for activity of several E3 ubiquitin ligases ([Figure 4a](#fig4){ref-type="fig"}). Surprisingly, the fatty acid synthase (FASN) inhibitor Orlistat, which has been shown to kill MCL cell lines,^[@bib24]^ also led to significantly elevated NOXA protein levels. Of note, Bortezomib, MLN4924 and Orlistat also accumulated NOXA protein in primary MCL cells ([Supplementary Figure 5](#sup1){ref-type="supplementary-material"}). In contrast, known transcriptional *NOXA* inducers such as the DNA-damaging agents Cisplatin^[@bib25]^ or Doxorubicin^[@bib26]^ were not able to induce NOXA protein in both mt-p53 (Mino) and wt-p53 (Rec1) MCL lines ([Figure 4a](#fig4){ref-type="fig"}). Cell death was most efficiently induced by compounds causing NOXA protein accumulation ([Figure 4b](#fig4){ref-type="fig"}). Although NOXA accumulation was less pronounced upon MLN4924, the efficacy in induction of cell death was as efficient as observed upon Bortezomib or Orlistat. This is likely due to the lack of Mcl1 induction, the anti-apoptotic antagonist of NOXA, which was observed upon treatment with Bortezomib and Orlistat ([Supplementary Figure 6](#sup1){ref-type="supplementary-material"}).

Interestingly, dose-response curves showed that Orlistat and MLN4924 may be more selective than Bortezomib in MCL cells. PBMCs and fibroblasts from healthy donors responded only at highest doses of Orlistat and did not respond at all to MLN4924 ([Figure 4c](#fig4){ref-type="fig"}). Moreover, in contrast to Bortezomib and MLN4924, knockdown of cyclin D1 substantially rescued cells from Orlistat-induced apoptosis ([Supplementary Figure 7a](#sup1){ref-type="supplementary-material"}) and reduced NOXA accumulation ([Supplementary Figure 7b](#sup1){ref-type="supplementary-material"}) indicating that Orlistat may be more selective for cyclin D1-overexpressing MCL cells. To confirm the role of NOXA for induction of cell death upon Bortezomib, Orlistat and MLN4924 treatment, we silenced NOXA via RNAi. Indeed, NOXA knockdown significantly rescued the cells from apoptosis and reduced NOXA protein accumulation upon treatment ([Figure 4d](#fig4){ref-type="fig"}).

As the PI3K/AKT/mTOR pathway is involved in regulation of constitutive *NOXA* levels in MCL cells and its inhibition significantly reduces *NOXA* mRNA ([Figure 2](#fig2){ref-type="fig"}), this pathway may also have an impact on accumulation of NOXA protein and induction of cell death upon treatment with Bortezomib, Orlistat and MLN4924. To test this hypothesis, we pre-incubated the MCL cells with Bez235 before treatment with the respective inhibitors. Interestingly, we observed an effect comparable to that upon RNAi-mediated knockdown of *NOXA*. Inhibition of PI3K/AKT/mTOR pathway reduced UPS inhibitor mediated induction of apoptosis and accumulation of NOXA ([Figure 4e](#fig4){ref-type="fig"}). A similar effect could be observed by pre-treatment of the cells with Ibrutinib, which inhibits the main upstream pathway of PI3K/AKT/mTOR ([Supplementary Figure 8](#sup1){ref-type="supplementary-material"}). These findings indicate that a constitutively active PI3K/AKT/mTOR pathway is needed to effectively kill MCL cells through accumulation of NOXA.

Orlistat and MLN4924 stabilize NOXA by inhibition of NOXA ubiquitination and efficiently kill Bortezomib-resistant MCL cells
----------------------------------------------------------------------------------------------------------------------------

Our previous results indicate that Bortezomib, Orlistat and MLN4924 rather target the high NOXA protein turnover than transcriptionally activate *NOXA*. Indeed, Bortezomib, Orlistat as well as MLN4924 significantly enhanced NOXA protein stability ([Figure 5a](#fig5){ref-type="fig"}; [Supplementary Figure 9a](#sup1){ref-type="supplementary-material"}). We next investigated their ability to accumulate polyubiquitinated NOXA species by TUBE2 pull-down experiments. Importantly, in contrast to Bortezomib neither Orlistat nor MLN4924 led to accumulation of slower migrating polyubiquitinated forms of NOXA ([Figure 5b](#fig5){ref-type="fig"}; [Supplementary Figure 9b](#sup1){ref-type="supplementary-material"}). These results suggest that Orlistat and MLN4924 inhibit NOXA ubiquitination rather than the proteasome. Bortezomib-resistant cells might therefore still be sensitive to these alternative NOXA-stabilizing agents. To test this hypothesis, we treated Bortezomib-sensitive MCL cells (Jeko1-BS) and Bortezomib-resistant cells (Jeko1-BR) with Orlistat or MLN4924. As expected, Jeko1-BS cells were sensitive to Orlistat and MLN4924 and induced NOXA protein ([Figure 5c,](#fig5){ref-type="fig"} left panel). Remarkably, the Bortezomib-resistant clone Jeko1-BR, which showed no signs of cell death when treated with Bortezomib, was still sensitive to Orlistat and MLN4924. Bortezomib-mediated accumulation of NOXA protein was significantly reduced in the Jeko1-BR clone when compared with the parental cell line Jeko1-BS whereas NOXA stabilization by Orlistat and MLN4924 was not altered in Jeko1-BR ([Figure 5c](#fig5){ref-type="fig"}, right panel).

Discussion
==========

In this study, we provide evidence for a critical role of NOXA in the decision between life and death in MCL cells. We found a stunning discrepancy between constitutive *NOXA* mRNA and NOXA protein expression in MCL cell lines and primary cells. MCL cells constitutively express high levels of *NOXA* transcript mediated by an active PI3K/AKT/mTOR signaling pathway. In contrast, NOXA protein expression was found to be low because of rapid UPS-mediated degradation. Targeting this high NOXA protein turnover with different inhibitors of the UPS led to accumulation of NOXA protein and induction of NOXA-dependent apoptosis. Of major importance, the high constitutive *NOXA* mRNA expression is essential for an efficient response of MCL cells to UPS inhibitors.

NOXA is a central mediator of stress responses and critical for setting the apoptotic threshold. *NOXA* was initially defined as a p53-inducible gene, which is transcriptionally activated in response to cellular stress.^[@bib16]^ More recently, it has been shown that *NOXA* can also be induced independently of p53 by other transcription factors such as p73 and E2F1,^[@bib27],\ [@bib28]^ and has an important role in normal lymphocyte homeostasis.^[@bib20]^ It is transcriptionally upregulated upon antigen stimulation thereby regulating apoptosis of activated B cells and the formation of high affinity clones,^[@bib20]^ which indicates that BCR signaling is important for NOXA regulation. Indeed, we here demonstrate that the constitutively high *NOXA* transcript levels in MCL cells depend on BCR signaling, which is chronically activated in several lymphomas including MCL.^[@bib5]^ Furthermore, our data show for the first time that the PI3K/AKT/mTOR pathway is the major mediator of *NOXA* regulation downstream of the BCR. A role of the PI3K/AKT/mTOR pathway for the regulation of *NOXA* was previously proposed by Mei *et al.*^[@bib29]^ They demonstrated that camptothecin-induced apoptosis in HeLa cells depends on PI3K/AKT/mTOR-mediated transcriptional induction of *NOXA*. The cAMP response element binding protein (CREB) was identified as the transcription factor mediating *NOXA* induction. Whether CREB has a role in MCL cells has to be investigated in further experiments. Interestingly, cyclin D1 overexpression, the hallmark of MCL, seems to contribute to the high *NOXA* transcript levels most likely by exerting a positive feedback loop on the PI3K/AKT/mTOR pathway.

Intriguingly, the high *NOXA* mRNA levels in MCL do not impair cellular survival. We found that MCL cells adapt to this constitutive pro-apoptotic signal by extensive ubiquitination and proteasomal degradation of NOXA protein. Inhibition of the proteasome using Bortezomib accumulated NOXA protein and rapidly induced apoptosis. Interestingly, active PI3K/AKT/mTOR signaling before Bortezomib treatment was needed for effective accumulation of NOXA and induction of cell death indicating that constitutively high *NOXA* mRNA levels are essential for the sensitivity of MCL cells to Bortezomib. Previous studies have shown that *NOXA* is transcriptionally activated in response to Bortezomib treatment.^[@bib13]^ We observed only minor induction of *NOXA* mRNA upon Bortezomib in the MCL cell lines used in this study (data not shown) indicating that NOXA protein stabilization is the predominant mechanism of Bortezomib-mediated NOXA accumulation in MCL. Transcriptional induction of *NOXA* mRNA may represent a cell line dependent or secondary event in response to Bortezomib further amplifying NOXA levels.

The finding that the combination of high constitutive *NOXA* mRNA levels and short-lived NOXA protein is crucial for Bortezomib sensitivity of MCL has implications for the design of new treatment strategies. According to our results, BCR and/or PI3K/AKT/mTOR inhibitors should not be administered before Bortezomib, as active PI3K/AKT/mTOR signaling is needed for high *NOXA* mRNA levels and therefore constitutes a prerequisite for sensitivity to UPS inhibitors. Nevertheless, simultaneous treatment or starting with Bortezomib administration could be beneficial according to studies from other groups.^[@bib30]^ Furthermore, intermittent treatment with Bortezomib could prevent resistance to BCR and PI3K/AKT/mTOR inhibitors by eliminating clones with active PI3K/AKT/mTOR signaling. In addition, high constitutive *NOXA* transcript levels may represent a predictive marker for Bortezomib sensitivity in general. The data from CCLE and other studies implicate that this phenotype may also be present in other lymphomas such as CLL and ALCL and could explain their sensitivity to Bortezomib.^[@bib17],\ [@bib31]^ Chronic active BCR signaling has also been observed in CLL and could be responsible for high *NOXA* expression in this tumor.^[@bib5]^ Furthermore, NOXA has also been shown to be ubiquitinated and rapidly degraded in CLL and NOXA stabilization rather than transcriptional induction has been implicated in Bortezomib-induced apoptosis in this type of lymphoma.^[@bib17]^ Yet, nothing is known about chronic active T-cell receptor signaling in ALCL but constitutively active PI3K/AKT/mTOR signaling has been described in this type of lymphoma.^[@bib32]^ Interestingly, the correlation between *NOXA* transcript levels and Bortezomib sensitivity does not seem to be limited to hematopoietic and lymphoid malignancies. Thyroid cancer cell lines expressing the highest levels of *NOXA* mRNA across all entities have also been shown to be sensitive to Bortezomib and the first clinical studies were promising.^[@bib33],\ [@bib34]^

In addition to Bortezomib, we identified two other agents, MLN4924 and Orlistat, which stabilize and accumulate NOXA protein. Remarkably, in contrast to Bortezomib, both substances interfere with NOXA ubiquitination rather than with the proteasome as accumulation of polyubiquitinated forms of NOXA was lacking upon treatment with these inhibitors. MLN4924 is an inhibitor of neddylation, an essential process for the activity of cullin-RING ubiquitin ligases (CRLs).^[@bib35]^ CRLs are multi-subunit complexes regulating turnover of many proteins involved in cell growth and survival and members of this family have been described to be potential oncogenes.^[@bib36]^ The hypothesis that NOXA might be regulated by this family of ubiquitin ligases is supported by the finding that overexpression of SAG, a subunit of the SCF E3 ligase subfamily of CRLs, reduces NOXA stability and confers radiation resistance in lung carcinoma and glioblastoma.^[@bib37]^ Orlistat, the second substance found to stabilize NOXA in our study, is an inhibitor of the FASN, an essential enzyme in palmitate synthesis and lipogenesis. FASN is overexpressed in many malignancies including MCL.^[@bib24],\ [@bib38]^ Interestingly, Orlistat was shown to be effective in MCL cell lines and primary MCL cells.^[@bib24]^ Here, we demonstrate that Orlistat-mediated FASN inhibition induces apoptosis by impairing NOXA ubiquitination. It has been shown that FASN inhibition reduces the expression of components of a subgroup of CRLs^[@bib39]^ and may also indirectly target the ubiquitin ligase of NOXA. Together, our data obtained with MLN4924 and Orlistat suggest that increased constitutive polyubiquitination and degradation of NOXA is mediated by enhanced activity of a certain CRL E3 ligase complex in MCL. Further experiments are warranted to identify the ubiquitin ligase of NOXA and/or the CRL component involved in NOXA turnover. A deeper insight into the mechanism and regulation of NOXA ubiquitination may lead to the identification of novel targets for more efficient and selective treatment not only of MCL. This view is supported by our data demonstrating that both MLN4924 and Orlistat seem to block growth more selectively in MCL than Bortezomib. Although Orlistat appears to be selective for cyclin D1-overexpressing cells, our data indicate that MLN4924 has a more general selectivity to tumor cells. MLN4924 may be indeed a promising anticancer agent not only for treatment of MCL patients. Targeting CRL activity has already shown promising effects in different types of tumors including lymphomas.^[@bib40],\ [@bib41]^

Furthermore, Bortezomib-resistant MCL cells were still sensitive to either Orlistat or MLN4924. Both inhibitors were able to induce NOXA in Bortezomib-resistant clones probably through targeting UPS-mediated NOXA turnover upstream of the proteasome.

Interestingly, NOXA stabilization upon MLN4924 was not as strong as observed after Bortezomib or Orlistat although efficacy of NOXA-dependent cell death of the three substances was comparable. Cellular levels of Mcl1 can influence the susceptibility of cells to NOXA-induced apoptosis.^[@bib16]^ We here demonstrate that in contrast to Bortezomib or Orlistat, which accumulate Mcl1 in parallel to NOXA, MLN4924 treatment of the lymphoma cells rather reduces the levels of the anti-apoptotic protein. This observation indicates that less NOXA protein accumulation is sufficient to efficiently induce cell death upon treatment with MLN4924.

In conclusion, our data demonstrate that the discrepancy between *NOXA* mRNA and NOXA protein levels may represent an important Achilles\' heel of MCL, and offers novel options for the improvement of MCL treatment. We found that the PI3K/AKT/mTOR pathway mediated high constitutive *NOXA* mRNA levels and stabilization of the short-lived NOXA protein are critical determinants of Bortezomib sensitivity in MCL. Furthermore, we identified alternative substances stabilizing NOXA independently of proteasome inhibition thereby offering novel treatment strategies to Bortezomib-resistant cells.

Materials and Methods
=====================

Cell lines and patient samples
------------------------------

The MCL cell lines Mino, Jeko1, Rec1, Jvm2 and Granta519 were kind gifts from A Rosenwald, Department of Pathology, University of Würzburg, Germany. A Bortezomib-resistant (BR) subclone of Jeko1 was generated by continuous cultivation of the parental cell line in increasing Bortezomib concentrations. 2102EP was kindly provided by T Mueller, Department of Oncology, University of Halle, Germany. NCI-H460, A549 and NCI-H23 cells were procured from ATCC (Manassas, VA, USA). OVCAR5, SKOV3 and A2780 were obtained from the NCI-60 cell panel. NTERA2/D1 cells were purchased from LGC Standards, Wesel, Germany. All cells were cultivated in RPMI-1640 (Biochrom, Berlin, Germany) with 10% FCS and glutamine. The local ethics committee approved the collection of patient and healthy donor samples (project number 159/2011BO2) and informed consent was obtained from the patients in accordance with the Declaration of Helsinki. Primary MCL cells were obtained from lymph nodes biopsies of four patients. Extracted cells were cultivated in X-VIVO 10 medium (Lonza, Cologne, Germany) supplemented with 10% human serum.

Antibodies and reagents
-----------------------

(Ser473)-Akt, (Ser235/236)-S6, (Ser32/36)-IκB, (Thr202/Tyr204)-Erk1/2, Akt, S6, Erk1/2, IκB, p65, CD79A, Mcl1 and GAPDH antibodies were purchased from Cell Signaling, Danvers, MA, USA. Anti-NOXA was obtained from Calbiochem, La Jolla, CA, USA. Bez235, Ibrutinib, PD0325901, MG132, Bortezomib, LY294002 and BKM120 were obtained from Selleckchem, Houston, TX, USA. Temsirolimus, Orlistat and cycloheximide were purchased from Sigma, Munich, Germany. MLN4924 was obtained from ChemieTek, Indianapolis, IN, USA.

Analysis of protein expression
------------------------------

Cells were lysed according to standard protocols. Western blot was performed as described previously.^[@bib42]^

Analysis of mRNA expression
---------------------------

Total RNA was extracted and transcribed to cDNA according to standard protocols. *NOXA* expression was analyzed using TaqMan Gene Expression Assays Hs00560402_m1 (*NOXA/PMAIP1*), Hs02758991_g1 (*GAPDH*) and Hs00427620_m1 (*TBP*) (Applied Biosystems, Norwalk, CT, USA) on BioMark HD System (Fluidigm, South San Francisco, CA, USA) or 7900 HT Fast Real-Time PCR System (Applied Biosystems) according to the manufacturer\'s instructions. TBP was used for normalization of *NOXA* mRNA expression analyzed by high-throughput BioMark HD System, which includes a pre-amplification step. *GAPDH* was used for normalization of *NOXA* mRNA expression analyzed by conventional real-time PCR using 7900 HT Fast Real-Time PCR System.

Detection of cell death
-----------------------

Induction of cell death was assessed by Annexin V (BD Pharmingen, Heidelberg, Germany) staining according to the manufacturer\'s instructions and analyzed by flow cytometry.

Growth inhibition analysis
--------------------------

Growth inhibition was assessed from changes in mitochondrial activity after 48 h upon treatment using MTT assay.^[@bib43]^

siRNA experiments
-----------------

For silencing, we used siGenome SMARTpool small interfering ribonucleic acid (siRNA) (Thermo Fisher Scientific, Dharmacon, Lafayette, CO, USA). Sequences targeted by SMARTpool siRNAs are described in [Supplementary Table 1](#sup1){ref-type="supplementary-material"}. As a control, we used Non-Targeting siRNA\#1. Cells were transfected by electroporation using a single-pulse protocol (250 V, 1800 *μ*F, ∞ W). At 16--48 h upon electroporation, cells were treated according to requirements. To evaluate knockdown efficacy, protein lysates were obtained and analyzed by western Blot.

Pull-down of polyubiquitinated proteins
---------------------------------------

Cells were lysed by standard protocols and pull-down of polyubiquitinated proteins was performed using agarose-TUBE2 (Tebu-Bio, Offenbach, Germany) according to the manufacturer\'s instructions and analyzed by western Blot.

Analysis of NOXA protein half-life
----------------------------------

The half-life of NOXA was determined by exposing the cells to 20 *μ*g/ml cycloheximide inhibiting protein synthesis. For western blot analysis, cells were harvested and lysed after indicated times.

We thank Andreas Rosenwald (Department of Pathology, Würzburg, Germany) and Thomas Mueller (Department of Oncology, Halle, Germany) for kindly providing the MCL cell lines and the embryonal carcinoma cell line 2102EP. We are grateful to Kerstin Willecke for excellent technical assistance. This work was financially supported by the Robert Bosch Foundation (project O2 and O3).
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![MCL cells express high levels of *NOXA* (*PMAIP1*) mRNA but low NOXA protein. (**a**) Analysis of *NOXA* gene expression in MCL cell lines Mino and Rec1 compared with embryonal carcinoma cell lines (NTERA2/D1, 2102EP) lung cancer cell lines (A549, NCI-H23, NCI-H460), ovarian cancer cell lines (OVCAR5, SKOV3, A2780) and PHA-stimulated PBMCs of healthy donors using high-throughput real-time PCR BioMark HD System. *NOXA* mRNA expression was normalized to *TBP*. Data represent means±S.D. from three technical replicates. (**b**) Comparison of *NOXA* mRNA levels in samples from four MCL patients with the MCL cell lines Mino, Jeko1, Rec1, Jvm2 and Granta519 and PBMCs of healthy donors by conventional real-time PCR. *NOXA* mRNA expression was normalized to *GAPDH*. Data of MCL cell lines and PBMCs represent means±S.D. from three experiments. (**c**) MCL cell lines have relatively low constitutive NOXA protein expression. Comparison of NOXA protein expression levels in MCL cell lines Mino and Rec1 compared with embryonal carcinoma cell lines (NTERA2/D1, 2102EP) lung cancer cell lines (A549, NCI-H23, NCI-H460), ovarian cancer cell lines (OVCAR5, SKOV3, A2780) and PHA-stimulated PBMCs of healthy donors. Upper panel: densitometric evaluation of NOXA protein expression analyzed by western blot. NOXA protein expression was normalized to GAPDH. Data reflect means±S.D. from three experiments. Lower panel: representative western blot of NOXA protein expression. (**d**) Constitutive NOXA protein expression in MCL cell lines Mino, Jeko1, Rec1, Jvm2 and Granta519 compared with primary MCL samples and PHA-stimulated PBMCs of healthy donors analyzed by western blot](cddis2013552f1){#fig1}

![BCR and cyclin D1 mediate the high constitutive *NOXA* mRNA levels via the PI3/AKT/mTOR pathway. (**a**) Inhibition of BCR signaling causes reduction of constitutive *NOXA* mRNA expression in MCL cell lines Mino and Rec1. Effect of RNAi-mediated silencing of CD79A on BCR downstream pathways (upper panel) and constitutive expression of *NOXA* mRNA (lower panel; \**P*\<0.05). Cells were transfected with control siRNA or siRNA targeting *CD79A*. After 24 h, cells were harvested for western blot analysis and quantification of *NOXA* mRNA levels. *NOXA* mRNA expression was normalized to *GAPDH*. Data represent means±S.D. from three experiments. (**b**) Impact of inhibition of BCR downstream pathways on constitutive *NOXA* expression. Upper panel: inhibition of the MAPK pathway has only minor effects on *NOXA* mRNA levels. Cell lines Mino and Rec1 were treated with 1 *μ*M of PD0325901 for 6 h then harvested for western blot analysis and quantification of *NOXA* mRNA. Middle panel: effect of p65 knockdown on constitutive *NOXA* expression in MCL cell lines Mino and Rec1. Cells were transfected with control siRNA or siRNA targeting *p65*. After 48 h, cells were harvested for western blot analysis and quantification of *NOXA* mRNA levels. Lower panel: inhibition of the PI3K/AKT/mTOR pathway significantly reduces *NOXA* mRNA and protein expression. Cell lines Mino and Rec1 were treated with 1 *μ*M of Bez235 for 6 h then harvested for western blot analysis and quantification of *NOXA* mRNA levels (\*\*\**P*\<0.001). *NOXA* mRNA expression was normalized to *GAPDH*. All data represent means±S.D. from three experiments. (**c**) Knockdown of cyclin D1 attenuates PI3K/AKT/mTOR signaling and reduces constitutive *NOXA* mRNA levels in MCL cell lines Mino and Rec1. Cells were transfected with control siRNA or siRNA targeting *cyclin D1 (CCND1)*. After 16 h, cells were harvested for western blot (upper panel) analysis and quantification of *NOXA* mRNA levels (lower panel; \**P*\<0.05, \*\*\**P*\<0.001). *NOXA* mRNA expression was normalized to *GAPDH*. Data represent means±S.D. from three experiments. (**d**) Upper panel: comparison of PI3K/AKT/mTOR signaling in MCL cell lines, primary MCL samples and PBMCs of healthy donors. Phosphorylation of PI3K downstream kinases was measured by western blot. Lower panel: effect of PI3K/AKT/mTOR pathway inhibition on constitutive *NOXA* mRNA expression in MCL patients. Primary MCL cells were treated with 1 *μ*M of Bez235 for 6 h then harvested for western blot analysis and quantification of *NOXA* mRNA levels (\*\**P*\<0.01). *NOXA* mRNA expression was normalized to *GAPDH*. Data represent means±S.D. from three technical replicates](cddis2013552f2){#fig2}

![Rapid UPS-mediated NOXA protein turnover in MCL cells. (**a**) Half-life of NOXA protein in MCL cell lines (Mino, Rec1) and PHA-stimulated PBMCs of healthy donors. Cells were exposed to 20 *μ*g/ml cycloheximide and half-life of NOXA was determined by western blot. (**b**) NOXA is polyubiquitinated and degraded by the proteasome. Cells were cultivated in absence or presence of 1 *μ*M MG132 or 5 *μ*M lactacystin for 8 h then harvest and lysed. Total polyubiquitinated proteins were isolated from cell lysates using agarose-TUBE2 beads. Protein expression and polyubiquitination state of NOXA were analyzed by western blot analysis using an NOXA-specific antibody](cddis2013552f3){#fig3}

![Agents accumulating NOXA protein efficiently induce NOXA-dependent apoptosis in MCL cells. (**a**) Screening for substances able to induce NOXA protein expression. MCL cell lines Mino and Rec1 were treated with Cisplatin (10 *μ*M), Doxorubicin (100 nM), Bortezomib (10 nM), Orlistat (15 *μ*M) or MLN4924 (0.5 *μ*M) for 16 h and NOXA protein expression was analyzed by western blot. (**b**) Accumulation of NOXA efficiently induces cell death. MCL cells were treated with Cisplatin (10 *μ*M), Doxorubicin (100 nM), Bortezomib (10 nM), Orlistat (15 *μ*M) or MLN4924 (0.5 *μ*M) for 24 h and cell viability was analyzed by Annexin V staining and flow cytometry. (**c**) Dose-response curves of MCL cell lines Mino, Jeko1, Rec1, Jvm2 and Granta519 compared with PBMCs and fibroblasts of healthy donors. Cells were treated with increasing concentrations of Bortezomib, Orlistat or MLN4924 and cell viability measured by MTT. (**d**) *NOXA* siRNA rescues from Bortezomib, Orlistat and MLN4924 induced apoptosis. Cells were transfected with control siRNA or siRNA targeting *NOXA*. At 24 h after transfection, cells were treated with Bortezomib (10 nM), Orlistat (15 *μ*M) or MLN4924 (0.5 *μ*M) and further cultivated for 24 h. Cells were then harvested for western blot analysis and quantification of cell death by Annexin V staining and flow cytometry (\*\**P*\<0.01, \*\*\**P*\<0.001). Data represent means±S.D. from three experiments. (**e**) Active PI3K/AKT/mTOR signaling is needed for effective accumulation of NOXA protein and induction of cell death upon treatment with Bortezomib, Orlistat or MLN4924. MCL cell lines Mino and Rec1 were pre-treated with 1 *μ*M Bez235 (6 h) before treatment with Bortezomib (10 nM), Orlistat (15 *μ*M) or MLN4924 (0.5 *μ*M). After 16 h, cells were harvested for western blot analysis (lower panel). Quantification of cell death by Annexin V staining and flow cytometry was determined 24 h upon treatment (\**P*\<0.05). Data represent means±S.D. from three experiments](cddis2013552f4){#fig4}

![Orlistat and MLN4924 kill Bortezomib-resistant MCL cells by stabilizing NOXA protein in a proteasome-independent manner. (**a**) Bortezomib, Orlistat and MLN4924 are stabilizing NOXA protein by inhibiting rapid turnover. MCL cell line Mino was treated with Bortezomib (10 nM), Orlistat (15 *μ*M) or MLN4924 (0.5 *μ*M) for 8 h and then exposed to 20 *μ*g/ml cycloheximide and NOXA half-life determined by western blot. (**b**) Orlistat and MLN4924 stabilize NOXA by inhibiting ubiquitination of NOXA. Cells were cultivated in absence or presence of Bortezomib (10 nM), Orlistat (15 *μ*M) or MLN4924 (0.5 *μ*M) for 8 h then harvest and lysed. Total polyubiquitinated proteins were isolated from cell lysates using agarose-TUBE2 beads. Protein expression and polyubiquitination state of NOXA were analyzed by western blot analysis using an NOXA-specific antibody. (**c**) Treatment with Orlistat and MLN4924 can kill Bortezomib-resistant MCL cells. Bortetomib-sensitive (Jeko1-BS, left panel) and Bortezomib-resistant (Jeko1-BR) MCL cells were treated for 24 h with Bortezomib (10 nM), Orlistat (15 *μ*M) or MLN4924 (0.5 *μ*M) and cell viability measured by Annexin V staining and flow cytometry (upper panel). Data represent means±S.D. from three experiments. NOXA accumulation was determined after 8 h of treatment by western blot analysis (lower panel)](cddis2013552f5){#fig5}
